Introduction
In cancer, tumor molecular characterization has become an integral part of diagnostic procedures. In most instances, genomic analyses are performed on tumor tissues obtained from primary tumor or metastatic sites at diagnosis by surgical procedures. Although described for the first time in 1948, it is only recently that the study of cell-free nucleic acids has been proposed as a valuable alternative to the study of tumor nucleic acids, indicating that such samples might be considered as surrogate samples for the study of diagnostic, prognostic, and predictive molecular features (1). Many recent studies have demonstrated the feasibility of the study of circulating tumor DNA (ctDNA) in the cell-free DNA (cfDNA) extracted from plasma, or serum, for detecting cancer cell-specific genetic alterations (2) (3) (4) (5) . These approaches present the advantage of permitting sequential noninvasive sampling.
Neuroblastoma, the most frequent extracranial solid tumor of early childhood, is characterized by a wide variability of its clinical course (6) . In addition to clinical, radiologic, and pathologic information, molecular characterization at diagnosis is crucial to determine prognosis and adapt treatment (7) . In neuroblastoma, recurrent genetic alterations mainly concern copy number alterations (CNA), whereas genome sequencing studies have revealed an overall low mutation rate of a small number of recurrently altered genes, such as ALK, chromatin remodeling or neuritogenesis genes (8) (9) (10) . Amplification of the MYCN oncogene, observed in 20% to 25% of all cases, is associated with a poor prognosis. Other recurrent genetic alterations concern segmental chromosome alterations (SCA) involving more extensive chromosome regions, also associated with a higher risk of relapse, whereas numerical chromosome alterations (NCA) are associated with a good prognosis. Current treatment strategies take into account the genomic copy number profile both in patients with low-risk neuroblastoma, as well as in certain patients with high-risk neuroblastoma, aged <18 months (11, 12) . A genomic copy number profile is routinely assessed on diagnostic tumor tissue, most frequently using pangenomic techniques, such as MLPA, array comparative genomic hybridization (aCGH), or SNPa (11, 13, 14) . However, in some instances, biopsies from a primary or metastatic tumor site are not available, for instance, in severely ill young infants with disseminated disease, whereas in older children biopsies might harbor only a low percentage of tumor cells, thus impacting on molecular genetic analysis.
Several recent studies have highlighted the importance of both spatial and temporal heterogeneity in neuroblastoma. Indeed, spatial heterogeneity with differences in the genomic profile between different sites or even different clones within a neuroblastoma, or between a primary neuroblastoma and its metastatic sites, have been described, concerning MYCN, SCA, or mutations including ALK (15, 16) . Temporal heterogeneity has been shown to be of importance in neuroblastoma progression, with an accumulation of additional SCA, and clonal evolution with new mutations, such as ALK or other MAPK mutations emerging at time of progression (17) (18) (19) .
The study of cfDNA could represent a potent tool both as a surrogate when primary tumor tissue is not available and for the study of spatial and temporal heterogeneity in neuroblastoma.
Indeed, previous studies have highlighted the feasibility of cfDNA analysis in neuroblastoma, as MYCN amplification, chromosome 17q gain, and ALK mutations can readily be detected in cfDNA isolated from plasma (2, (20) (21) (22) (23) . A recent report has suggested that tumor cfDNA might be present in 60% to 70% of neuroblastoma cases at diagnosis (24) . However, to date, full genomic profiling on cfDNA has not been performed in neuroblastoma.
The aim of our study was to evaluate the feasibility of genomic copy number profiling of cfDNA isolated from plasma of neuroblastoma patients using the OncoScan platform. We studied a series of 70 cfDNA samples obtained from neuroblastoma patients at diagnosis and compared these with the genomic profile obtained by tumor aCGH.
Materials and Methods

Patients and samples
Patients with neuroblastoma and enrolled in the national multicenter prospective PHRC IC2007-09 biosampling study were included in this study if samples both for genomic copy number profiling of the primary tumor and plasma for genomic copy number profiling of cfDNA obtained at the time of diagnosis were available. A total of 70 patients were included.
Patients were treated in French centers according to the relevant national or international protocols (Supplementary Information). Written informed consent was obtained from parents or guardians according to national law, and ethics approval of protocols was obtained according to national guidelines, and this study was authorized by the ethics committees "Comit e de Protection des Personnes Sud-Est IV", references L07-95/L12-171, and "Comit e de Protection des Personnes Ile de France", reference 0811728.
aCGH analysis of tumor samples
Following central pathologic review, tumor cell content of samples was determined. After extraction of tumor DNA, genomic copy number analysis was performed by aCGH using NimbleGen or Agilent aCGH platforms. The obtained data were analyzed with NimbleScan or Agilent Workbench softwares, respectively, as described previously (11, 19, 25, 26) . MYCN copy number status was confirmed by FISH (27) .
OncoScan profiling of cfDNA
Plasma samples were obtained at diagnosis by direct venipuncture or more frequently by blood sampling from central venous catheter devices, directly on standard EDTA tubes, and prepared
Translational Relevance
In neuroblastoma, the tumor genomic copy number profile is of prognostic relevance and can determine treatment. However, in rare cases, primary tumor samples are not available. Here, using the OncoScan platform, we demonstrate the feasibility of cell-free DNA (cfDNA) copy number profiling and show that genomic copy number profiles of cfDNA reflect the tumor copy number profile, with a high number of chromosome breakpoints common to tumor aCGH and cfDNA. However, in addition, breakpoints specific to either tumor aCGH or to cfDNA were seen, the latter targeting IGF1R and TERT, two genes with a role in proliferation and aggressiveness of neuroblastoma, respectively, suggesting the hypothesis that cfDNA might possibly reflect genetic alterations of more aggressive cell clones. These data indicate that cfDNA analysis might be considered a surrogate marker for genomic profiling, enabling sequential analysis, and that these analyses might be of use when exploring the neuroblastoma heterogeneity.
by centrifugation of blood at 2,000 rpm for 10 minutes, followed by careful aliquoting and freezing at À80 C within 1 to 24 hours after collection. cfDNA was extracted from 200 mL to 1 mL of plasma. Lower volumes (<400 mL) were extracted by centrifugation using the QIAamp DNA Micro Kit, and higher volumes (>400 mL) were extracted using the Qiavac24s system, according to the manufacturer's recommendations (Qiagen). After extraction, cfDNA concentration was measured by Qubit fluorometric assay (Invitrogen). The total cfDNA concentration/mL of plasma was calculated and indicated in ng/mL of plasma. Its quality was defined by analysis on the tape station instrument or bioanalyzer agilent 2100 (Agilent) using the D1000 ScreenTape or High Sensitivity DNA chip, with cfDNA quality expressed as the 200-bp fragment fraction ( Supplementary Fig. S1 ).
The samples were processed for genomic copy number profiling and identification of CNAs through Molecular Inversion Probe (MIP)-based OncoScan Array (Affymetrix). The hybridization, amplification, and labeling protocols were performed according to the manufacturer's recommendations (Affymetrix). Briefly, 20 to 50 ng cfDNA were incubated for annealing of the MIP probe overnight. The annealed DNA was divided in two equal parts and incubated with the gap-fill master mixes AT or GC for ligation. Then the unligated (nongap filled, linear) probes were removed through an exonuclease treatment. The circularized MIP Probes were linearized with a cleavage enzyme, and the first PCR amplification was performed, followed by a second amplification. The amplified products were digested with HaeIII enzyme and hybridized overnight on to the OncoScan Array. The arrays were washed and stained in GeneChip Fluidics Station and scanned in GeneChip Scanner 7G.
The raw data (CEL file) were converted to OSCHP files through OncoScan Console Software (Affymetrix). Data were processed with the SNP-FASST2 segmentation algorithm and analyzed with OncoScan Nexus express for OncoScan 3 software.
In cases with differences between aCGH profiles of the primary neuroblastoma and cfDNA profiles, the origin of samples from the same patient and absence of sample contamination was confirmed using the AuthentiFiler Kit or the AmpFlSTR SGM Plus PCR Amplification Kit (Life Technologies).
Bioinformatics analysis
Genomic copy number profiles obtained by primary tumor aCGH and by cfDNA OncoScan were analyzed.
To perform a comparison of profiles, NimbleGen data had to be converted from hg18 into hg19 reference using UCSC tools LiftOver to match Agilent and OncoScan profiles with hg19 references (28) . Normalization of OncoScan data was performed using ChAS-3.0 and OncoScanConsole-1.2 (Affymetrix Software Suite). Then, a circular binary segmentation algorithm was used on both OncoScan and aCGH data (Agilent and NimbleGen) using DNAcopy-1.42.0 (29) . Genomic copy number profiles were then generated with DNAcopy-1.42.0, providing visual comparisons.
Breakpoints and chromosome segments with CNAs were then confirmed and annotated using SegAnnDB based on the PrunedDP algorithm (30) . A manual correction was additionally applied on the basis of visualization of the profiles.
Common breakpoints were defined as changes in copy number occurring in a window of AE500 kb base pairs, with a change of the same nature (i.e., either a copy number increase or decrease). When comparing chromosome segments identified on tumor aCGH and cfDNA OncoScan copy number profiles, the starting and ending positions of each chromosome segment across all of one sample were equalized using the higher starting and lower ending position of each segment as breakpoint references. All segments across tumor aCGH and cfDNA OncoScan profiles were defined using as reference the smallest segments present at a given position in any of the samples. As OncoScan profiles have a higher resolution than the aCGH platforms used in this study, the number of probes in a given segment could be lower in aCGH as compared with OncoScan profiles. However, the approach used for this analysis ensured that, at a given position, all profiles had the same segment length and that transition between segments represented a breakpoint in at least one of the samples. This enabled comparison between tumor aCGH and OncoScan profiles.
Two measures of similarity between copy number profiles obtained by aCGH of the primary NB and cfDNA analysis were reported (31): (i) the Pearson correlation between tumor aCGH and its respective cfDNA OncoScan copy number profile to compare copy number statuses across all identified CNA segments, given their assumed normal distribution; and (ii) M, a measure derived and adapted from the percent concordance (32) . M is computed as follows, for a (i,j) pair.
Si and Sj are the subsets of breakpoints for the OncoScan, i, and CGH array, j, copy number profile. Similarity between OncoScan and aCGH profiles was determined using the combination of the Pearson correlation and M score reflecting respectively the entire copy number profiles and the localization of breakpoints.
The overall genomic copy number profiles obtained by tumor aCGH or by cfDNA OncoScan analysis were classified according to common criteria. A numerical chromosome alteration (NCA) was defined as probe ratios homogeneously altered throughout entire chromosomes, as compared with the median copy number across the genome. A segmental chromosome alteration (SCA) was defined by the presence of at least 100 contiguous oligonucleotide probes, or covering at least 2 Mb, exhibiting a genomic status different from that of the rest of the chromosome. Breakpoints defining smaller CNAs were not taken into account for the definition of SCA (11, 25, 33) . Cases presenting only NCA, without any SCA, were considered as having a "NCA genomic profile." Cases harboring SCA, without or with NCA, were considered as having a "SCA genomic profile." MYCN amplification (MNA) was defined as at least three adjacent probes with a fluorescent tumor/normal log2 ratio !1.5 and confirmed by FISH on primary tumor tissue and by qPCR in cfDNA (20, 25, 27, 34) . In both primary neuroblastoma aCGH and cfDNA OncoScan copy number analysis, a "dynamic" result referred to a copy number profile with at least one CNA, concerning either NCA, or SCA, or MNA. Finally, cases in which no genetic changes were observed were termed "silent" profiles. On the basis of this analysis, presence of ctDNA in the cfDNA sample was inferred in case of presence of CNAs corresponding to CNAs seen in the primary tumor DNA. For estimation of concordance between aCGH and cfDNA genomic profiles, cases with dynamic profiles by both techniques were taken into account. Sensitivity of cfDNA genomic profiling was calculated on the basis of published methods (35) .
Results
cfDNA analysis from plasma of neuroblastoma patients
Plasma for cfDNA genomic copy number profiling was available for 70 patients for whom genomic copy number profiling of primary tumor DNA had been performed (stage I or II, n ¼ 13; stage III, n ¼ 11; stage IV, n ¼ 39; stage IVs, n ¼ 7; Supplementary  Table S1 and Table 1) .
Following extraction of cfDNA from plasma, a wide range of cfDNA concentrations was observed (range 15.3-49,700 ng/mL of plasma, mean 1,721 ng/mL, median 323 ng/mL). Higher concentrations of cfDNA were obtained for patients with metastatic versus localized disease (mean 2,528 versus 175 ng/mL of plasma; Mann-Whitney test, P < 0.000004; Supplementary Table  S1 and Table 1 ; Fig. 1) . A wide range of cfDNA quality as estimated by the 200 bp fraction of the extracted DNA was obtained (200 bp fraction range 2%-98%; mean 63.2%). In 5 cases, the 200 bp fraction was too low to permit calculation (Supplementary Table  S1 and Table 1 ; Supplementary Fig. S1 ). A significantly higher cfDNA quality was found in patients with metastatic as compared with localized disease (mean 200 bp fraction 70.9% vs. 47%, Mann-Whitney test, P < 0.002; Supplementary Table S1 ).
Comparison of overall copy number profiles between aCGH of the primary neuroblastoma and cfDNA from plasma Genomic copy number profiles of the primary tumors were classified according to the overall profile. For one patient, aCGH failed. Sixty-two patients showed a dynamic genomic copy number profile. MNA was seen by tumor aCGH in 23 cases: 4 without any other copy number changes, 17 had MNA together with other SCA, and 2 had MNA with only NCA (Supplementary Table S1 ; Table 1 ). Among the remaining 39 patients with a dynamic genomic copy number profile, 31 harbored a SCA genomic profile and 8 a NCA genomic profile. Among 7 other patients, the genomic copy number profile did not reveal any copy number changes (silent profile), 4 with localized and 3 with metastatic disease.
Among the 70 cases, cfDNA OncoScan genomic copy number profiling failed in 2 cases due to experimental failure, while results were not interpretable in 2 others (Fig. 2, Table 2 ).
For the remaining 66 cases, genomic cfDNA copy number profiles were classified according to the same criteria as those used for tumor aCGH (Fig. 2) . Fifty-two cases showed a dynamic genomic copy number profile. MNA was seen on the cfDNA OncoScan profile in 22 cases and confirmed by qPCR in cfDNA (20, 34): 2 had an otherwise silent profile, 19 had MNA together with other SCA, and 1 had MNA with only NCA. Thirty other cases had a dynamic copy number profile without MNA, 26 with a SCA, and 4 with a NCA genomic profile. Finally, in 14 other cases, no cfDNA copy number changes could be detected. Among these 14 silent cfDNA OncoScan profiles, all patients but one had localized disease (7 stage I; 3 stage II; 3 stage III; 1 stage IVs).
Among the 62 cases with a dynamic tumor aCGH copy number profile, OncoScan cfDNA analysis concluded the same overall genomic copy number profile in 47 of 62 (75%) cases (Fig. 2) . Different results were observed in 15 of 62 cases, 4 due to technical failure of cfDNA analysis, 10 due to silent cfDNA genomic profiles, and only one resulting in a discordant genomic profile (SCA vs. NCA) ( Table 2) .
Importantly, in 4 of 8 cases with a silent or failed tumor aCGH profile, a dynamic cfDNA profile could be obtained (SCA, n ¼ 3; NCA, n ¼ 1) (Table 2) . Furthermore, for 4 additional cases with an Altogether, based on tumor aCGH as a reference, cfDNA copy number profiling resulted in a sensitivity of 77%. Taking into account cases with dynamic results by both tumor aCGH and cfDNA analysis, the concordance of overall genomic profiles was 97% (47/48 cases: 22 MNAs, 22 SCAs, and 3 NCAs). In only one patient, with localized International Neuroblastoma Staging System (INSS) stage II disease, was an SCA concluded by cfDNA analysis, whereas an NCA genomic profile had been seen by tumor aCGH, the histology of this tumor indicating nodular ganglioneuroblastoma.
When comparing cfDNA OncoScan results according to cfDNA quantity and quality, higher cfDNA quantities were observed in cases with a dynamic profile versus silent profiles (MNA þ SCA þ NCA vs. silent, mean cfDNA quantity 2,192.87 vs. 104.4 ng/mL, Mann-Whitney test, P < 0.001). A higher cfDNA quality was also observed in cases with a dynamic versus a silent OncoScan profile (MNA/SCA/NCA versus silent profiles; 200 bp fraction 69.5% vs. 27%, Mann-Whitney test, P < 0.001).
Comparison of breakpoints between aCGH of the primary neuroblastoma and cfDNA from plasma
Chromosome breakpoints observed by aCGH in the primary tumor were compared with those observed by cfDNA analysis from the same patient (Fig. 3 ). All MNAs seen by aCGH were also seen by cfDNA analysis in the corresponding sample, and vice versa, apart for one case in which cfDNA analysis had failed. To compare breakpoints other than MYCN amplification, the 43 cases with dynamic profiles, with copy number changes in addition to MYCN amplification both on the aCGH and cfDNA analysis results were then considered in detail.
Large SCAs recurrently observed in neuroblastoma were compared. Among these 43 cases, 109 SCAs were seen both by aCGH and cfDNA analysis, the most frequent being 17q gain (n ¼ 30), 1p deletion (n ¼ 23), and 11q deletion (n ¼ 19).
SCAs detected only by aCGH, but not on an otherwise dynamic cfDNA OncoScan profile, were 1q gain (n ¼ 2), 2p gain (n ¼ 2), 14q deletion (n ¼ 1), and 17q gain (n ¼ 1), whereas SCA found only on cfDNA analysis but not on an otherwise dynamic aCGH profile were 1q gain (n ¼ 1), 2p gain (n ¼ 1), 3p deletion (n ¼ 2), 4p deletion (n ¼ 1),14q deletion (n ¼ 1), and 17q gain (n ¼ 1; Figs. 2 and 3 and Supplementary Fig. S2 ; Supplementary Table S1 ). Of note, one case with an overall NCA genomic profile on aCGH showed a large 72 Mb 3p deletion only seen on cfDNA analysis (case 38, Supplementary Fig. S2 ; Supplementary Table S2) .
Taking into account all breakpoints identified among the 43 cases with dynamic profiles both by tumor aCGH and cfDNA analysis (n ¼ 459), a total of 378 breakpoints common to both primary neuroblastoma and cfDNA of a given patient were identified, with a mean of 9 breakpoints per case (range 0-30 breakpoints). In addition, 27 breakpoints were only seen by tumor aCGH (mean 0.6 per sample; range 0-4), and 54 breakpoints were seen by cfDNA analysis only (mean 1.3 per sample; range 0-18), highlighting heterogeneity between primary tumor and cfDNA samples (Supplementary Table S2 ).
To determine the correlation of the breakpoints identified by tumor aCGH and cfDNA analysis, a Pearson correlation score between aCGH and cfDNA data was computed. A mean Pearson correlation score of 0.81 (range 0.1-0.96) was observed (Supplementary Fig. S3 ). As a further measure of similarity, M as a measure of concordance was analyzed. The mean M score was 0.88 (range 0-1) (Fig. 4) . The lowest correlation scores were observed in low-stage disease and in cases of lower cfDNA quality. The highest similarity, defined by the Pearson correlation and M score, thus taking into account the overall genomic copy number profile and the position of the breakpoints, was observed in cases of higher cfDNA quality (Supplementary Table S1 ). We sought to identify breakpoints that might be specific to either primary tumor samples or cfDNA samples. No recurrent breakpoint positions other than those between paired samples were observed. Among breakpoints seen only on primary tumor by aCGH, several breakpoints targeted genes shown previously to play a role in neuroblastoma oncogenesis, such as PTPRD (Supplementary Table S2 ). Among breakpoints seen only on cfDNA by OncoScan, IGF1R was targeted by cfDNA breakpoints in 2 separate cases, with a focal amplification encompassing this gene in one, and a high level gain encompassing this gene in a second case (Supplementary Table S2 ). These CNAs were confirmed by qPCR ( Supplementary Fig. S4 ). Interestingly, TERT was targeted by cfDNA-specific breakpoints in 2 cases ( Fig. 3D ; Supplementary Table S2 ). The absence of these TERT-targeting breakpoints in the corresponding primary neuroblastoma DNA was confirmed by OncoScan ( Supplementary Fig. S5 ).
For one case in which differences between primary neuroblastoma and cfDNA profiles were observed (case 55), the aCGH profile of a bone marrow sample massively invaded by tumor cells, also obtained at diagnosis, could also be performed (Fig.  3D) . The cfDNA profile was identical to that of the bone marrow aCGH, showing, in addition to MNA, multiple additional high level gains of chromosome region 5p15.33 to 5p12, harboring, among others, the GHR, EGFLAM, PDZD2, CHD18, and PLEKHG4B genes, involved in cell growth and signaling pathways. These alterations were not detected on the aCGH of the primary neuroblastoma despite the primary tumor harboring 90% tumor cells.
Altogether, these data clearly demonstrate the feasibility of genomic copy number profiling of cfDNA obtained from plasma at diagnosis from neuroblastoma patients.
Discussion
The study of nucleic acids isolated from plasma has been proposed only recently for the characterization of cancer cellderived genomic alterations, including the study of DNA, mRNA, miRNA, and epigenetic markers (2, (20) (21) (22) (23) (24) (36) (37) (38) . CfDNA is thought to be related to the apoptosis and necrosis of cancer cells, with fragments of cellular nucleic acids either being actively released or following phagocytosis and subsequent release by macrophages and other scavenger cells. The usefulness of cfDNA as surrogate liquid biopsies for biomarkers is now being widely explored.
In neuroblastoma, it has been shown that the overall tumor genomic profile determined by copy number analysis of tumor material is of prognostic impact, and genomic copy number profiling using material from tumor cells is considered as a reference for obtaining a tumor genomic profile at the time of diagnosis (11, 13, 14) . We have now undertaken a study of 70 plasma samples obtained at diagnosis to determine the feasibility of using cfDNA isolated from plasma for the study of an overall genomic profile.
In neuroblastoma, several studies have clearly documented the presence of cfDNA in particular in patients with metastatic disease (2, 20-24, 34, 39 ). In the current study, although no precise information regarding overall tumor load (primary tumor volume; number, and size of metastatic sites) was available, higher concentrations of cfDNA were observed for patients with metastatic as compared with localized disease. The feasibility of genomic copy number profiling using cfDNA obtained from neuroblastoma patients at diagnosis could be demonstrated, with technical success of cfDNA OncoScan analysis in 66 of 70 (94%) cases and dynamic genomic profiles obtained in 52 of 70 (74%) of all cases. CfDNA analysis provided informative results in 48 of 62 (77.4%) cases with dynamic and in 4 of 8 (50%) cases with silent or failed tumor aCGH results. In cases with dynamic copy number profiles by both aCGH and cfDNA analysis, an excellent concordance of 97% between the overall copy number profiles was observed.
On the other hand, silent cfDNA profiles were obtained in 14 of 70 (20%) of all cases, 10 of which had dynamic aCGH results, resulting in a false negative rate of 10/62 (16.1%). Silent cfDNA profiles were observed more frequently in INSS stage I or II (10/13 patients) and in cases of lower cfDNA quality and quantity. This is consistent with previous studies (24, 34) and further suggests that in patients with low-risk disease, fewer cfDNA-releasing cells were present.
Differences in genomic copy number profiles observed between primary neuroblastoma aCGH and cfDNA OncoScan analysis might be due to either technical issues or tumor heterogeneity.
Technical issues might involve low tumor cell content in the studied sample: tumor cell content below 20% to 30% in the primary neuroblastoma sample results in a silent copy number profile by aCGH (11) , and likewise a silent OncoScan profile is expected if the ctDNA fraction is below this cutoff in the cfDNA sample.
Among the 19 of 70 cases in which primary aCGH and cfDNA OncoScan analysis concluded a different overall genomic copy number result, 5 were due to technical failure (1 by aCGH, 4 by cfDNA OncoScan analysis), 10 were due to a silent cfDNA profile, and 3 due to a silent aCGH profile.
Tumor heterogeneity might also account for the observed differences. In neuroblastoma, both spatial and temporal heterogeneity have been described. Spatial heterogeneity might concern genomic heterogeneity between a primary tumor and its metastatic sites, between different tumor nodules or components within a single primary, or even between different tumor (sub) clones and has been described for MYCN or ALK genomic status (15-18, 23, 40) . As cfDNA might reflect preferentially genomic alterations linked to specific cellular characteristics with different dynamics of proliferation, necrosis, or apoptosis, the comparison The MYCN locus is boxed in red. D, comparison of genomic copy number profiles of primary neuroblastoma (studied by aCGH and OncoScan), and bone marrow metastasis (studied by aCGH), compared with cfDNA (studied by OncoScan). The profiles of the primary tumor and the bone marrow metastasis harbor MNA, 1p deletion, 7q gain, 11q deletion, and 17 q gain. In addition, the bone marrow metastasis shows several high level gains on chr 5p. cfDNA analysis revealed a profile identical to that of the bone marrow, with one breakpoint targeting TERT seen only in the bone marrow and the cfDNA but not the primary neuroblastoma, and high level gains harboring, among others, the GHR, EGFLAM, PDZD2, CHD18, and PLEKHG4B genes (case number 55). The TERT locus is boxed in red.
of cfDNA to tumor aGCH is crucial to further determine this potential heterogeneity.
Despite a high number of chromosome breakpoints identified in both the primary neuroblastoma by aCGH and the corresponding cfDNA (378/459, 82.4%), detailed comparison of chromosome breakpoints observed by either technique revealed differences with some breakpoints seen only in the primary neuroblastoma and others only in cfDNA.
Differences of breakpoints detected in the primary neuroblastoma and the corresponding cfDNA might possibly be explained by technical bias due to the difference of coverage between aCGH and OncoScan platforms, the latter providing a denser coverage over cancer genes. Nevertheless, the bioinformatics analysis employed in this study aimed at equalizing segments at a given position across different platforms, thus correcting for potential coverage-related bias. Thus, the observation of breakpoints seen only in the primary neuroblastoma and not the cfDNA (27/459, 5.9%) suggests that these alterations detected only in a biopsy of the primary neuroblastoma might concern tumor cells that show less necrosis/apoptosis, perhaps a lower cell turnover, and thus are less at the origin of release of cfDNA.
On the other hand, the observation that some breakpoints are only seen in cfDNA and not in aCGH of the primary neuroblastoma (54/459, 11.8%) indicates that genetic alterations observed in cfDNA-releasing cells are not common to all tumor cells of a given patient. Indeed, these cfDNA-specific breakpoints occurred in patients for whom primary neuroblastoma aCGH had resulted in a dynamic copy number result, and thus a detection failure of these apparently cfDNA-specific breakpoints due to low tumor cell content of the primary neuroblastoma sample is highly unlikely. The breakpoint-containing cfDNA might correspond to primary neuroblastoma cells from areas not accessed and sampled by biopsy, or present in a subclone only, below detection limit of aCGH analysis. The cfDNA might also correspond to cells from metastatic sites. The observation of a cfDNA profile distinct from its primary neuroblastoma but identical to that of a strongly invaded bone marrow favors such a hypothesis. Furthermore, in patients with clinically localized disease and cfDNA-specific breakpoints, it cannot be excluded that micrometastasis not detected by routine clinical examination might have contributed to the alterations seen in the cfDNA profile.
When searching for recurrent CNAs specific to cfDNA, focal high level IGF1R gains were observed in cfDNA of 2 patients. Indeed, IGF1R signaling, which plays an important role in cancer cell proliferation, has been shown to play a role in the neuroblastoma malignant phenotype (41) (42) (43) (44) . Furthermore, in 2 cases, an alteration targeting TERT, shown recently to characterize aggressive high-risk neuroblastoma (45, 46) , was identified in the cfDNA, with one case harboring this alteration also in the metastatic tumor cells of the bone marrow but not in the primary neuroblastoma. It might be hypothesized that these genetic alterations, both associated with tumor proliferation and a more malignant phenotype, were found in the cfDNA due to their presence in cells more prone to cfDNA release, which might be cells with a stronger cell growth and higher aggressiveness.
Overall, both patients with localized and metastatic disease harbored cfDNA-specific breakpoints, suggesting that spatial heterogeneity both within a large primary neuroblastoma and between a primary neuroblastoma and its metastases can occur. Further studies of multiple biopsies and comparison with metastatic tumor sites will help to determine whether alterations observed in cfDNA do indeed represent alterations from cells more readily prone to necrosis or apoptosis and release of cfDNA and might also reveal whether such cell clones are located homogeneously throughout one neuroblastoma, or whether there might be more distinct spatial heterogeneity.
In addition to spatial heterogeneity, temporal heterogeneity has recently been shown to be of importance in neuroblastoma progression (17, 18) . However, in most solid tumors, multiple sequential biopsies are not feasible, underlining the urgent need to identify surrogate biological samples for sequential biomarker analysis.
The usefulness of cfDNA analysis for the documentation of tumor heterogeneity has been recently been widely documented, focusing mainly on studies of mutations using next-generation sequencing approaches (1, 38, 47) . Several recent studies have also demonstrated the feasibility and usefulness of the detection of tumor-specific CNAs in cfDNA from cancer patients. Shotgun massively parallel sequencing of cfDNA was used to achieve genome-wide copy number profiling in hepatocellular carcinoma patients (48) . Copy number profiling of cfDNA could also be achieved following whole-genome amplification and aCGH on a microarray platform in colorectal and breast cancer patients (49) .
In this study, the commercialized OncoScan platform was used, designed specifically for analyzing small fragmented DNA molecules, and requiring little cfDNA input (minimum 20 ng of cfDNA), permitting a rapid analysis of the cfDNA copy number profile in a readily accessible setting.
In conclusion, we now demonstrate the feasibility of tumor genomic copy number profiling of cfDNA in neuroblastoma patients at diagnosis. Such cfDNA analyses should not replace routine molecular diagnostic techniques but might provide important information in cases where routine molecular characterization of tumor tissue cannot be performed, for instance, in samples with poor tumor cell content, poor DNA quality, or in very sick neuroblastoma patients for whom no tumor biopsy can be performed. In particular, this approach might be of interest in the context of treatment protocols that take into account a tumor genomic profile for therapeutic stratification, such as the European Low and Intermediate Risk Neuroblastoma Protocol LINES protocol (ClinicalTrials.gov identifier NCT01728155; ref. 50) . Future prospective studies will be necessary to determine the feasibility and success rate of cfDNA genomic profiling in particular in low-risk neuroblastoma patients, or high-risk neuroblastoma patients aged <18 months, where genomic profile might determine treatment, and to establish clearly for which patients such an analysis might serve as surrogate if a representative tumor sample cannot be obtained. Furthermore, given the importance of spatial and temporal heterogeneity in neuroblastoma, such cfDNA copy number analysis might enable further studies of both diagnostic and subsequent relapse CNAs in neuroblastoma patients, which might reflect genetic alterations of more aggressive or metastatic cell clones. We suggest that collection of plasma for cfDNA studies could constitute a component of ancillary studies of early clinical trials to enable the study of tumor heterogeneity and evolution of genomic copy number changes during treatment.
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